Abstract -A planar multi-joint handling robot for FPD (Flat Panel Display) glass substrates with heavy load and high precision is introduced. In order to investigate the vibration characteristics of this robot, finite element modal analysis with Solidworks simulation is presented. First of all, the mechanical structure of the new generation FPD glass substrates handling robot is introduced. Then, the finite element model is established and the modal analysis procedure is introduced in detail. In a given typical configuration, the first 10th natural frequencies and corresponding mode shapes of the robot are obtained. Based on the calculation results, relative weak parts of vibration for the robot are pointed and the improving suggestions are put forward. Furthermore, the natural frequencies of the key components are analyzed and the modal matching analysis is given. The analysis results indicate that the modal distribution of the mechanical structure of this new generation FPD glass substrates handling robot is reasonable.
I. INTRODUCTION
Nowadays, FPD (flat panel displays) such as LCD (liquid crystal displays) and PDP (plasma display panel) have been substituted for the CRT (cathode ray tube) displays because they have small volume, light weight and low power consumption [1] . In order to achieve higher productivity, FPD makers are gradually enlarging the size of glass plates [2] . The size of LCD glass substrates have been changed from 1.10m x 1.30m (5 th -generation) to 1.87m x 2.20m (7 th -generation) and the standard for LCD glass substrates such as 2.16m x 2.46m (8 th -generation) , 2.40m x 2.80m (9 th -generation) and 2.85m x 3.05m (10 th -generation) is currently being announced in order to preoccupy the large LCD-TV market [3] [4] . Along with this trend, the handling robots used in FPD manufacturing systems become the most fundamental transport devices to cope with the market needs for enlarging the size of glass plates [5] [6] . Therefore, large handling robot for large glass substrates has been become the hot spot of the current research. For example, Phil Joo Cho presented a novel static deflection compensation algorithm [3] . Rong-Fong Fung et al. studied dynamics and system parameters identification of an glasshandling robot [6] . Chang Sup Lee et al. designed composite wrist blocks for double arm type robots for handling large glass panels [7] . However, there are seldom works on the vibration problems of the large FPD glass handling robots in the previous studies.
Vibration is an issue which the mechanism needs to face frequently. Vibration characteristics will directly influence the working stability, reliability and accuracy of the robot. It can cause the mechanism resonating or wearying, even make the structure destroyed. Modal analysis is an effective way to investigate the inherent vibration characteristics of a structure [8] , including natural frequencies, mode shapes and damping factors, etc. Through the modal analysis, designers can find the weakness of mechanical system and the main vibration modal of the parts. It is helpful to put forward suggestions to improve the structure and make the structure to avoid resonance in the working condition. Thus, for the large size and heavy load FPD glass substrates handling robot, vibration characteristic is an important issue which designers must pay attention to.
The finite element analysis method and the vibration experimental method are commonly used in modal analysis. Many scholars focus on the topic of modal analysis. Yun Chao [9] , Liu Xiaoping [10] et al. studied the dynamic characteristics of 120Kg spot welding robots with experimental modal analysis approach. Han Qingkai et al. [11] analyzed the modal parameters identification of parallel robot using the vibration experimental method too. Obviously, experimental approach helps to get the vibration parameters of robots more exactly, but it is time-consuming and the cost is usually high. Fortunately, the finite element modal analysis provides an convenient and feasible method to evaluate the structure design and make further optimization of the structure, especially in the structure design phase of the robot [12] [13] [14] . According to the different workspace, the glass substrates handling robot can be divided mainly into two categories: one is planar handling robot and the other is vertical articulated handling robot. The former one is handling the substrates from one plane to another plane in horizontal direction, while the latter type is transferring them from one plane to another in space. This paper introduces the planar clean-type handling robot for 7 th or higher generation FPD glass substrates [15] , coping with larger wafers, higher density and larger LCD glass plates. It is organized as follows. The mechanical structure of 120Kg FPD glass substrates handling robot is introduced in section II. In section III, the finite element modal of the handling robot is built and modal analysis is carried out by the finite element analysis software. Then, the modal matching analysis of key components is given in section IV. Finally, conclusion follows in section V.
II. DESCRIPTION OF FPD GLASS SUBSTRATES HANDLING ROBOT
The planar multi-joint FPD glass substrates handling robot is shown in Fig. 1 , which is independently developed by China recently. It is a typical articulated industrial robot. The maximum payload is 120Kg. The maximum vertical height can reach to 3.45m. It consists of four parts, namely the base, the lifting mechanism, swing table and the arm, which to achieve the lifting, turning and stretching, respectively. The schematic diagram of mechanism is shown in Fig. 2 (a) . The lifting mechanism is a 7-bar linkage mechanism. It can move up and down along U-axis. The left arm and right arm are consist of three revolute joint, respectively. They are equivalent to two prismatic joints, which can stretch along Laxis and R-axis, respectively. The equivalent simplified schematic diagram of the mechanism is illustrated in Fig. 2(b) . Fig. 2 (a) is linkage type and Fig. 2(b) is the telescopic type. They are both the typical configurations of large glass handling robots. Compared to the mechanism with the telescopic type, the advantage of the linkage type is that it has larger workspace if with the same height. Furthermore, it can suffer heavy load with high accuracy. The driven system of the 7-bar linkage mechanism is shown as in Fig. 3 . The 7-bar linkage mechanism itself has 2-DOF (degree of freedom). Through the movement coupling of the connected two 4-bar linkages, the lifting mechanism can move up and down along U-axis. The movement relation satisfies ș J2 =2ș J1 . Thus, it becomes 1-DOF and is equivalent to a prismatic pair along U axis.The driven principle of the double arm is similar with the lifting mechanism. Therefore, the FPD glass substrates handling robot has 14 revolute pairs but only 4-DOF. 
III. MODAL ANALYSIS OF FPD GLASS SUBSTRATES HANDLING ROBOT

A. Basic Theories of Modal Analysis
Modal analysis is a method to describe a structure in terms of its natural characteristics which are the frequency, damping and mode shapes-its dynamic properties.
The natural frequency and mode shape are two important parameters on the dynamic characteristics of mechanical structure, which are used to help design the structural system for noise and vibration applications. Both of them depend on the mass and stiffness distributions of the structure, and have nothing to do with external factors. Furthermore, the damping has little influence on the natural frequency and mode shape, we usually ignore the damping coefficient in the modal analysis of mechanical structure. Therefore, for a linear system which has multiple degrees of freedom, the free vibration equation without damping can be used to calculate the natural frequency, as shown in (1):
is the structural mass matrix; [K] is the structure stiffness matrix;{ } q is the node acceleration vector; { } q is the node displacement vector. Because the free vibration can be decomposed of a series of simple harmonic vibration of superposition, the solution of (1) can be expressed as
Where ω is circular frequency of simple harmonic vibration; { } Φ is the amplitude vector and
amplitude on the direction of freedom i.
Insert (2) into (1), and eliminate j t e ω , the equation of motion can be rewritten as: 
is the i-th natural frequency, and
is the i-th mode shape of the structure.
B. Finite Element Modeling
Currently, there are many commercial software that can be used to build the finite element model of the robot, such as Ansys and Solidworks, etc. In this paper, the finite element model of 120Kg FPD glass substrates handling robot is established with Solidworks. It is convenient to build 3D entity model in Solidworks and its Simulation plug-in is powerful to make FE analysis.
The FE model of the FPD glass substrates handling robot is modeling and meshing with Simulation plug-in in Solidworks, as shown in Fig. 4 . A typical configuration in working conditions is selected for modal analysis. In order to mesh the modal smoothly, the robot model should be reduced. In the dynamic characteristic analysis, as natural frequency and the main vibration mode shape are mainly related to the mass and stiffness distribution, so the basic principle of simplifying the model is to guarantee the mass and its distribution, ensure the overall model can be meshed uniformly. Thus, the robot parts which have no relative motion are considered as one part. After reduction, the mainly parts of the robot including base, link_1 and link_2 of lifting mechanism, swing table, forearm_1 and forearm_2 of left arm and right one respectively.
Then, setting an frequency calculation example. The following gives the steps for the frequency analysis.
1) Setting the material properties of each component. According to the working condition, the materials of the robot is set as shown in Table I .
2) Defining the constraint conditions. In modal analysis, the only effective load is the zero displacement constraints. Here, adding the bottom of the base as a fixed constraint.
3) Setting the connecting relation. The connection between the components has a great influence on the natural frequency of the robot. So in the modal analysis, the connection should try to close to the stiffness of the real joint. The revolute joint is set as pin, and the stiffness of each pin can be set as the real revolute joint. Dealing with the reducers, the gear and belt transmission systems are another key problems. Here, they are equivalent to spring-mass bodies. The weight and torsion stiffness can be defined closed to the real case.
4)Meshing the model. Meshing is one of the crucial step in the modal analysis. The quality of the grid will directly affect the accuracy of the result and the calculation speed. Considering both the accuracy of the results and the computer operation ability, the standard grid is used to mesh this robot. It includes 379337 nodes and 223382 elements. The size of the element is 40mm.
5) Selecting the solution type.
Direct sparse is selected as the solution type, and the frequency number is set to 10. First 10-th natural frequency is calculated.
Finally, running the calculation example and the results of modal analysis can be obtained. Fig. 4 The FE model of the FPD glass substrates handling robot 
C. The Results of Modal Analysis
For the multi-DOF robot, the frequency of resonance is mainly in the low frequency band. That is because the nodes of the main vibration corresponding to the lower order are fewer than the ones corresponding to high order, so the vibration of lower order is more dangerous. Usually, studying the first 10th of the mode can basically meet the dynamic characteristics requirements of industrial robots.
The first 10th vibration modes of the FPD glass substrates handling robot can be observed from the calculation. Table II shows the natural frequency of the first 10th of the robot. The corresponding mode shape is illustrated in Fig. 5 . From the data, we can see that the first 10th natural frequency of the robot is between 10~60 Hz and it is distributed evenly on each order. The natural frequency of 3rd and 4th, 5th and 6th are close to each other , respectively. That is because the robot is with the axial symmetrical structure, so the vibration mode shape is also symmetrical, which is consistent with the mechanical structure. Looking from the natural frequency, the intervals between each order is relatively small. The external shocks may close to several orders natural frequency and the vibration of superposition maybe happened.
From the mode shape in Fig. 5 , it can be seen that the mechanical structure deformation of the robot system usually appears in the forearm and the joints. This is because the forearm is the cantilever structure, which stiffness is relatively low. Thus, the forearms are the easiest parts to vibration. Their mass and stiffness will affect the resonant frequency of the robot directly. The maximum amplitudes of forearms are at the 4th and 6th natural frequency. In the actual working conditions, it should be avoided the frequency near 22 Hz and 33 Hz. Furthermore, compared to the linkages, the stiffness of joints are relatively small. So the joints are also the weak points of the robot.
Obviously, the natural frequency and mode shape depend on the mass and stiffness distributions of the structure to a large extent. In short, the structure with higher stiffness and lighter weight usually has better dynamic performance. Therefore, from the analysis above, in order to improve the dynamic characteristic of the robot, some suggestions are put forward. Firstly, the stiffness of the joints should be increased, including bearing support stiffness, the connecting stiffness and the driven system stiffness. Secondly, it is critical to decrease the mass of the forearms as possible under the precondition of meeting the strength requirement. This is because the large mass of forearms will greatly reduce the low order natural frequency of the robot system due to their cantilever structure. 
IV. MODAL MATCHING ANALYSIS OF KEY COMPONENT
The mechanical structure of the robot is connected by several components. The inherent dynamic characteristics of each key component and the connecting characteristics between components will have great influence on the vibration characteristics. Therefore, it is necessary to analyze the modal of key components and the modal matching of the connected parts. It is helpful to avoid the natural frequency and mode shape are equal or close to each other which will result in local resonance.
For the heavy load FPD glass substrates handling robot, the important components are including the base, link_1 and link_2 of the lifting mechanism, swing table, forearm_1 and forearm_2 of left and right arms. The natural frequency of the first 5 th of the key components are listed in Table III , which are obtained by finite element analysis with Solidworks simulation. For the limitation of the paper, the main mode shapes of the components are not described here. The modal of different component for the robot mechanical system should be separated, especially for the components jointed to one another. In order to find out the relation of modal parameters of the related parts more clearly, the modal matching diagram of the key components are drawn, as shown in Fig. 6 . From Table III and Fig. 6 , it can be seen that the natural frequency of the components are distributed in 80~750 Hz. The first 5 th natural frequencies of most parts are away from each other, but several are equal or close to each other. Then, observing the vibration mode shape of components further, it is found that although the natural frequency of some orders are close to each other, the mode shape are different from each other. From the mode matching point of view, it can be seen that the mechanical structure of the heavy load FPD glass substrates handling robot is reasonable. However, it also can be optimized further to avoid dense natural frequency.
V. CONCLUSION
The mechanical structure of the planar new generation heavy load FPD glass substrates handling robot is introduced in this paper. The finite element modal analysis method with Solidworks simulation is presented. The natural frequencies and the corresponding mode shapes of the robot are obtained. Furthermore, the modal matching of key components is analyzed. Through above analysis, this paper induces the following conclusion:
(1) The natural frequency of the heavy load FPD glass substrates handling robot is relatively low. It should be pay attention to avoid the hazards brought by low order modes vibration during the operation.
(2) The forearms are the easiest parts to vibration. It is better to use material with higher stiffness and less mass. Joints of the robot also are the weak point of vibration. It is helpful to increase the connecting stiffness in order to get better dynamic performance.
(3) From vibration point of view, modal matching analysis of key components of the robot is an effective means to verify the rationality of the mechanical structure of the robot. It will help designers to avoid natural frequencies of the adjacent components equal or close to each other, which maybe result in local resonance.
(4) Due to the stiffness of the joint will influence the modal analysis result of the robot, it should pay attention to the joints when simplify the model. The more the strength and stiffness of the robot model close to actual one, the more accurate analysis result will be obtained.
In the future work, the interference frequency of the work environment will be analyzed in order to find out the source of resonant excitation so as to avoid the resonant frequency
